Cardiolipins (CLs) are important biologically for their unique role in biomembranes that couple phosphorylation and electron transport like bacterial plasma membranes, chromatophores, chloroplasts and mitochondria. CLs are often tightly coupled to proteins involved in oxidative phosphorylation. The first step in understanding the interaction of CL with proteins is to obtain the pure CL structure, and the structure of mixtures of CL with other lipids. In this work we use a variety of techniques to characterize the fluid phase structure, material properties and thermodynamics of mixtures of dimyristoylphosphatidylcholine (DMPC) with tetramyristoylcardiolipin (TMCL), both with 14-carbon chains, at several mole percentages. X-ray diffuse scattering was used to determine structure, including bilayer thickness and area/lipid, the bending modulus, K C , and S Xray , a measure of chain orientational order. Our results reveal that TMCL thickens DMPC bilayers at all mole percentages, with a total increase of ∼6Å in pure TMCL, and increases A L from 64Å 2 (DMPC at 35 • C) to 109Å 2 (TMCL at 50 • C). K C increases by ∼50%, indicating that TMCL stiffens DMPC membranes. TMCL also orders DMPC chains by a factor of ∼2 for pure TMCL. Coarse grain molecular dynamics simulations confirm the experimental thickening of 2Å for 20 mol% TMCL and locate the TMCL headgroups near the glycerol-carbonyl region of DMPC; i.e., they are sequestered below the DMPC phosphocholine headgroup. Our results suggest that TMCL plays a role similar to cholesterol in that it thickens and stiffens DMPC membranes, orders chains, and is positioned under the umbrella of the PC headgroup. CL may be necessary for hydrophobic matching to inner mitochondrial membrane proteins. Differential scanning calorimetry, S Xray and CGMD simulations all suggest that TMCL does not form domains within the DMPC bilayers. We also determined the gel phase structure of TMCL, which surprisingly displays diffuse X-ray scattering, like a fluid phase lipid. A L = 40.8Å 2 for the ½TMCL gel phase, smaller than the DMPC gel phase with A L = 47.2Å 2 , but similar to A L of DLPE = 41Å 2 , consistent with untilted chains in gel phase TMCL.
Introduction
Cardiolipin (CL) refers to a group of unusual glycerophospholipids which contain four instead of two acyl chains. The acyl chain composition varies with species and cell state. CL's headgroup is negatively charged at pH 7.0 due to two phosphate groups with pK a 's ∼3 and >8 (Kates et al., 1993) connected by a glycerol moiety. Many investigations have been carried out to characterize CL's overall structure (Lewis et al., 2007) , headgroup structure (Haines, 2009; Tarahovsky et al., 2000) , thermodynamic properties (Lewis and McElhaney, 2009; Nichols-Smith et al., 2004) , water permeability (Shibata et al., 1994) , membrane fluidity (Yamauchi et al., 1981) , ability to form the hexagonal II (H II ) phase (Powell and Hui, 1996; Powell and Marsh, 1985; Rand and Sengupta, 1972; Seddon et al., 1983) and domains when mixed with other host phospholipids (Domenech et al., 2007; Frias et al., 2011; Lupi et al., 2008; Pinheiro et al., 1994; Sennato et al., 2005) . Molecular dynamics simulations have been carried out to determine the structure of CL in bilayers (Dahlberg, 2007; Dahlberg and Maliniak, 2008) and the hydrogen-bonding capability of its headgroup (Dahlberg et al., 2010) . However, comparisons between different studies and techniques are difficult due to different chain compositions. In this work we present results from experiments and simulations; in both cases, CL contains the same chains as the host lipid, DMPC (dimyristoylphosphatidylcholine).
The keen interest in CL emanates from its important biological roles. CLs are unique to biomembranes that couple phosphorylation and electron transport: bacterial plasma membranes, chromatophores, chloroplasts and mitochondria (Hoch, 1992) . CL is necessary for proper ADP/ATP carrier function and/or formation of protein supercomplexes (Claypool et al., 2008; Hoffmann et al., 1994; Pfeiffer et al., 2003; Zhang et al., 2002) . CL has been shown to co-isolate with each of the proteins that participate in oxidative phosphorylation: cytochrome oxidase (Robinson, 1993) , ATP/ADP exchange protein (Horvath et al., 1990 ), F 0 F 1 ATP synthase (Eble et al., 1990) , the orthophosphate transporter (Kaplan et al., 1986 ) and the cytochrome bc 1 complex (Yu et al., 1978) . It has been suggested that CL's role is to serve as a proton trap for oxidative phosphorylation due to the acid-anion nature of its unique headgroup (Haines and Dencher, 2002) . Alternative roles for CL include the formation of cubic phases which can efficiently store lipid for the dynamic cristae (Deng and Mieczkowski, 1998) and apoptosis signaling (Kagan et al., 2009 ). Especially, CL seems to play a crucial role in the assembly of a passive docking platform for the binding of Bid, and the initiation of the apoptotic process (Jalmar et al., 2013) . Finally, a defect in CL synthesis is the cause of Barth's syndrome, which is a sex-linked recessive disorder, clinically characterized by the classical symptoms of cardiomyopathy, neutropenia and delayed growth with a lethal effect on young boys (Barth et al., 1983) . It is thought that a defective CL cannot interact with the proteins involved in energy production in the mitochondria. In rat liver mitochondria, CL contains chains with primarily C18:2 fatty acids (Daum, 1985) , symmetrically (Schlame et al., 2005) . In Barth's syndrome, chain symmetry is lost, which could account for CL's inability to interact with proteins (Schlame et al., 2005) .
CL is synthesized exclusively on the inner mitochondrial membrane (IMM) (Hostetler and Van den Bosch, 1972; Jelsema and Morre, 1978) and except for a small amount of phosphatidylinositol, CL is the only negatively charged lipid in mitochondria (Hovius et al., 1990) . There is ∼20% (by weight) CL in eukaryotic mitochondria, where ∼3/4 resides in the IMM (Daum, 1985) . The major portion (75-90%) of CL in the IMM is located on the matrix side (Daum, 1985) . CL is 9.2 mol% of total IMM lipids (Gomez and Robinson, 1999) . Since most CL is located on the matrix side, the local concentration of CL could be as high as ∼20 mol% CL, but because CL can be found associated with proteins and is also transferred across the membrane, its concentration will vary based on location and state of the cell. In this work we therefore explored many mole ratios of tetramyristoylCL (TMCL) including pure TMCL for comparison, but focused on 20 mol% for the coarse-grained MD simulations as a matrix side mimic of IMM. We mixed TMCL with dimyristoylphosphatidylcholine (DMPC), where TMCL contains the same chains as DMPC, C14:0. Although the chains of CL in eukaryotic mitochondria are primarily unsaturated, investigation of mixtures with identical chains rules out chain immiscibility as a cause of phase separation. We use low-angle X-ray diffuse scattering (LAXS) to obtain the structure (bilayer thickness and area) and bending modulus (K C ), and wide-angle X-ray scattering (WAXS) to obtain the S Xray order parameter of TMCL/DMPC mixtures in the fluid phase. Densimetry determines the molecular volumes which are needed for electron density profiles, while differential scanning calorimetry determines the T m 's (main transition melting temperatures). LAXS is also used to determine the structure of pure TMCL in the gel phase. The experimental work was complemented with coarse-grain Martini molecular dynamics simulations to obtain a comprehensive view on the underlying processes.
Materials and methods

Samples
Purified lipids were purchased from Avanti Polar Lipids (Alabaster, AL) and used without further purification. DMPC Lots #140PC-226 and #140PC-256, and TMCL Lots #140CA-40 and #140CA-51 as the NH 4 + salt were used. Thin layer chromatography (TLC) revealed that Lot #140CA-40 TMCL contained <1% lysolecithin and that Lot #140CA-51 TMCL contained <0.1% lysolecithin before the experiments. Lipid stocks solutions were prepared by precisely weighing lyophilized lipid into glass vials and HPLC chloroform was added; these stock solutions were aliquoted into glass test tubes to generate the mole percentages: 0, 0.7, 2.7, 4.4, 10, 20 and 100 TMCL/(DMPC + TMCL). When these concentrations are converted into chain concentrations, 2TMCL/(DMPC + 2TMCL), where TMCL = ½TMCL, they become 0, 1. 39, 5.26, 8.43, 33.33 and 100. For X-ray scattering, 4 mg lipid mixture in 200 l HPLC chloroform:trifluoroethanol (TFE) (1:1, v:v) was plated onto silicon wafers (15 mm × 30 mm × 1 mm) via the rock and roll method (TristramNagle, 2007) to produce ∼1800 well-aligned bilayers. Solvents were thoroughly removed, first by evaporation for one day in the fume hood, then by evaporation under vacuum for at least two hours. Samples were hydrated through the vapor in a thick-walled X-ray hydration chamber (Kučerka et al., 2005a) for 0.5-1 h. For X-ray capillary experiments, multilamellar vesicles (MLVs) were prepared by mixing dried lipid mixtures with MilliQ water or 50 mM Hepes buffer, pH 7.0, to a final concentration of 25 wt% and cycling three times between −20 • C and 50 • C for ten minutes at each temperature with vortexing; this suspension was loaded into X-ray capillaries (Charles Supper, Cambridge, MA). For densimetry, MLVs at 5 wt% in water were hydrated as above. For calorimetry, MLVs at a concentration of 0.1% in water were hydrated as for densimetry.
Volume determination
Volumes of fully hydrated MLVs of DMPC/TMCL lipid mixtures and pure lipids were determined as a function of temperature from 20 ± 0.01 • C to 55 ± 0.01 • C using an AntonPaar USA DMA5000M (Ashland, VA) vibrating tube densimeter (Raghunathan et al., 2012) . After densimetry, TLC revealed ∼2% lysolecithin.
2.3. X-ray scattering and liquid crystal analysis 2.3.1. LAXS Low-angle X-ray scattering (LAXS) data from oriented fluid phase lipid mixtures at 35, 40 and 50 • C were obtained on three separate trips to the Cornell High Energy Synchrotron Source (CHESS) using previously described methods (Kučerka et al., 2005a; Liu and Nagle, 2004; Lyatskaya et al., 2001) . Typical beam width was 0.25 mm and beam height was 1-1.2 mm. Typical wavelength was 1.18Å with a total beam intensity of ∼(1-5) × 10 11 photons/(s mm 2 ). Typical sample-to-CCD distance was 365 mm (LAXS) and 156 mm (WAXS), calibrated using a silver behenate standard with D-spacing 58.4Å. Temperature was controlled with a Julabo F25 (Allentown, PA). After X-ray at CHESS, we measured ∼5% breakdown in samples held at the lower temperatures, and 20% breakdown in samples held at 50 • C.
Structural analysis
The X-ray |F(q z )| data were fit to the Fourier transform of a model of the electron density profile with components using a scattering density profile (SDP) procedure (Kučerka et al., 2008) . The SDP procedure guarantees an important relation between the molecular area A and the zeroth order X-ray form factor F(0) (Nagle and Wiener, 1989) :
where V is the measured volume of the lipid mixture as a function of temperature, n = n DMPC + n CL f/(1 − f) is the total, n DMPC is the DMPC and n CL is the TMCL number of electrons, f is the mole fraction of TMCL/(TMCL + DMPC) and W is the electron density of water as a function of temperature. Informed by our volume measurements, we constrained the volume of the mixture. We also constrained the volume of the headgroup by estimating a headgroup volume for TMCL (506Å 3 ) by subtracting the measured ½V L of TMCL (1040Å 3 ) from V L of DMPC at 50 • C (1118Å 3 ) (Nagle and Wilkinson, 1978) , where both lipids are in the fluid phase, then subtracting this difference from the headgroup volume of a PC lipid (331Å 2 ) (Tristram-Nagle et al., 2002) , and multiplying by 2. We also constrained the Gaussian sigma widths of the lipid headgroup peaks to 2-3Å, the methyl trough Gaussian sigma to 2Å (corresponding to FWHM of 5Å) and the width of the hydrocarbon interface to 2.4Å. The methyl trough had a tendency to get narrower than = 2Å, which is physically unrealistic for a fluid phase lipid. The difference in distance D H1 between the maximum in the electron density profile and the Gibbs dividing surface for the hydrocarbon region was loosely constrained to 4.95Å. Otherwise, the locations of the components remained free to provide estimates for the head-head distance as previously described (Kučerka et al., 2004) . We also fit the X-ray |F(q z )| data using the mole fractions, 2TMCL/(DMPC + 2TMCL), where TMCL is ½TMCL. The purpose of this was to compare TMCL as a lipid similar to DMPC, with 2 chains of 14 carbons each, with its total volume, headgroup volume and electrons divided in half.
WAXS
The analysis of wide-angle X-ray scattering (WAXS) data has been described previously (Mills et al., 2008a,b) . Briefly, the orientational order parameter, S Xray , describes chain order and is similar to an NMR order parameter. S Xray was calculated following the procedure of (Mills et al., 2008a) .
Differential scanning calorimetry (DSC)
DSC measurements were performed using a GE/Microcal VP-DSC (Northhampton, MA) at a heating rate of 60 • C/h and under an extra constant pressure of ∼1.5 atm to prevent degassing during the scan. The VP-viewer package was used for data acquisition. 500 l of a 1 mg/ml MLV sample of TMCL/DMPC mixtures was loaded into the sample cell and 500 l water was loaded into the reference cell. Samples were cooled to 10 • C and held at this temperature for 10 min before they were scanned. After sample removal, the sample cell was washed by flowing ∼500 ml MilliQ water with a vacuum apparatus; evidence of complete removal of the sample was obtained by scanning water vs. water to observe a smooth baseline. Baselines were subtracted using Origin 8 software (OriginLab, Inc., Northampton, MA). Two melting temperatures (solidus and liquidus) were determined by using the Peak Fitting Module. After DSC, TLC revealed considerable damage, ∼20-30% lysolecithin. Since the DSC samples were hydrated similarly to the densimetry samples by temperature cycling, this damage did not result from the hydration procedure. The DSC samples were promptly stored in the refrigerator after scanning, so we conclude that these dilute solutions of DMPC/TMCL mixtures may have been degraded during the DSC scan, even though these scans took only 35 min.
Molecular dynamics simulations
The coarse-grained MD (CGMD) simulations of lipid bilayer systems were carried out with the MARTINI force field (Marrink et al., 2007) , which uses a mapping of approximately four heavy atoms to one CG bead. The CG model of 4-myristoyl cardiolipin (TMCL) was obtained by modifying the tails of a previously used 4-oleoyl cardiolipin model (Arnarez et al., 2013) to match those in the MARTINI DMPC model. Two different lipid bilayer systems, pure DMPC and DMPC containing 20% TMCL, were studied. CGMD simulations were performed using the GROMACS v. 4.5.4 MD package (Hess et al., 2008) . Initially, the system was minimized, and a 20 ns NVT ensemble equilibration was followed by a 20 ns NPT ensemble equilibration. Each MD run was carried out to cover 500 ns. A 40 fs time step was used to integrate the equations of motion. Electrostatic interactions were shifted smoothly to 0 in the range from 0.0 to 1.2 nm to avoid cut-off artifacts. Similarly, Lennard-Jones interactions were shifted to 0 in the range from 0.9 to 1.2 nm. The pure DMPC system was composed of 320 DMPC lipids and 8317 water beads, and the DMPC-20%TMCL system was composed of 320 DMPC, 80 TMCL, 13022 water molecules and 160 Na + ions. Temperature (310 K) and pressure were controlled using the velocity rescale (V-rescale) thermostat (Bussi et al., 2007) and Parrinello-Rahman barostat (Parrinello and Rahman, 1981) , respectively, with coupling times of 1 and 12 ps. For both bilayer systems semi-isotropic pressure coupling was used, with a compressibility of 3e −4 bar −1 . Simulations were run at 310 K and at 1 atm during NPT runs. For all simulations, visualization and analysis were performed using the VMD v. 1.9 visualization software (Humphrey et al., 1996) , using the last frame in the 500 ns trajectory for the snapshots. Number densities were determined using the undulation correction method with filter cutoff q 0 = 1.0 nm −1 Braun et al., 2011) . Areas were calculated by dividing the size of the simulation box (XY) by half the number of lipids. swell further. In (B), (C) and (D), the negative charge of TMCL caused these samples to unbind (U), i.e., to swell continuously. We also observed unbinding in capillary samples with as little as 1.3 mol% TMCL, which was not neutralized by 50 mM Hepes buffer. Previous calorimetry of DMPC with TMCL at <5 mol% in small unilamellar vesicles (Klösgen, unpublished) revealed that all transitions were completed by 35 • C, so our initial experiments of DMPC, 0.7 mol% TMCL, 2.7 mol% TMCL and 4.4 mol% TMCL were carried out at 35 • C. At 20 mol% TMCL, WAXS revealed a gel/fluid phase coexistence at 35 • C, so the temperature was raised to 40 • C in order for this sample to remain in the fluid phase. Similarly for pure TMCL, a gel/fluid phase coexistence prevailed at 45 • C, so the temperature was raised to 50 • C, where the sample was in the fluid phase. Additional calorimetry confirmed these higher phase transition temperatures (see Figs. 2 and 3) .
Results
LAXS and DSC
In Fig. 2 , the DSC trace of 20 mol% TMCL (blue line) has one melting temperature at ∼35 • C, with a broader component extending above 45 • C. This trace, as well as all the mixtures, was decomposed into two melting transitions using software from OriginLab. The lower transition temperature corresponds to the first melting of the combined gel phase (solidus transition) while the upper transition corresponds to final melting of the gel phase from the gel/fluid phase coexistence region (liquidus transition). These transition temperatures are plotted vs. the lipid chain concentration in Fig. 3 . We suggest that the lower transition temperature at 20 mol% (33.33 mole TMCL chain %), deviates from linearity due to the fast scan rate of 60 • C/h, and that the upper transition temperature is also elevated for the same reason. In the WAXS data of this sample, 
Structure
The intensities of the diffuse lobes shown in Fig. 1 are used to obtain the structure of TMCL/DMPC mixtures as described previously (Kučerka et al., 2005a; Lyatskaya et al., 2001; Tristram-Nagle et al., 2010) . The first step in the structure determination is to obtain the form factors shown in Fig. 4 , which are related to the bilayer electron density profiles through the Fourier transform (Tristram- . The form factors shown in Fig. 4 have been normalized to the intensity in the second lobe (q z ∼0.25-0.32Å −1 ) for ease of comparison. With increasing TMCL concentration, the form factors shift to lower q z , indicating a membrane thickening. For structure determination, the form factor data are fit to a model of the real-space electron density profile through the Fourier transform using the scattering density profile (SDP) fitting program (Kučerka et al., 2008 ). An example of an excellent fit of the SDP fitting program to the data is shown in Fig. 5 . The fits were equally good using either TMCL or TMCL. Fig. 6 displays total electron density profiles resulting from the SDP fitting program as a function of increasing TMCL. The presence of TMCL thickens the DMPC host bilayers, which have the same C14:0 chains as guest lipids (TMCL). Pure TMCL has a head-to-head thickness that is 6Å greater than that of pure DMPC. Fig. 7 shows the total electron density profile for pure TMCL at 50 • C and the contributions from the diverse components (defined in the figure caption). The methyl trough tended to be more narrow than typical lipids (Kučerka et al., 2005a) , and the distance between the GC and the phosphate groups was smaller than many PC lipids we have investigated. Fig. 8 shows area/lipid for TMCL/DMPC mixtures. As noted previously, in order to maintain the lipid mixture in the fluid phase, the temperature was incrementally increased with increasing amounts of TMCL. In Figs. 6 and 8, at TMCL/(DMPC + TMCL) < 10 mol%, T = 35 • C; at 20 mol%, T = 40 • C; and at 100 mol%, T = 50 • C. Although it would have been preferable to collect all of the X-ray data at 50 • C, we began these experiments with low TMCL concentrations which were all in the fluid phase at 35 • C. With increasing mol% TMCL, the protocol had to be changed, due to gel/fluid phase coexistence observed in the WAXS data at CHESS. Temperature corrections can be made, estimating that the areal expansivity for TMCL/DMPC mixtures is similar to that of dioleoylphosphatidylcholine (DOPC) (0.0029/deg) (Pan et al., 2008) . Increasing the temperature by 15 • C would introduce an error of ∼4% in our determined area at 50 • C; correcting back to 35 • C for this error, the pure TMCL area would be smaller, ∼104Å 2 . The corrected thickness would be larger by 0.6Å. Since the temperature corrections for these DMPC/TMCL mixtures are not known precisely, error bars in Fig. 8 represent larger corrections (8% in area and 2% in thickness). The fluid phase data were fit using the full TMCL (circles) or using TMCL (½TMCL) (squares), where the amount of TMCL is multiplied by two. As shown, either way of fitting the data gives a similar increase in thickness. However, the average area/lipid decreases for TMCL, since the total volume decreases as more TMCL is added. In pure TMCL, the area is exactly half that obtained for pure TMCL, and it should be multiplied by two to obtain the actual area of TMCL at 50 • C, 108.6Å 2 . The purpose of fitting the data with TMCL as well as TMCL is that TMCL is very similar to DMPC, and so it is a check on the use of the SDP data fitting program. The gel phase data are shown as diamonds. Fig. 9 shows the results for bending modulus, K C , obtained by fitting our data to liquid crystal theory (Lyatskaya et al., 2001) . Even small amounts of TMCL increase the bending modulus by ∼50%, indicating that TMCL stiffens the DMPC membrane. As in previous figures, at TMCL/(DMPC + TMCL) < 10 mol% TMCL, T = 35 • C; at 20 mol% TMCL, T = 40 • C; and at 100 mol% TMCL, T = 50 • C. Since the temperature dependence of K C is very small for DMPC (Pan et al., 2009 ) at temperatures outside of the anomalous swelling regime (Chu et al., 2005) , we suggest there are negligible temperature corrections to these values.
Bending modulus, K C
TMCL gel phase
After equilibration at 50 • C for ∼1 h in the fluid phase, the pure TMCL sample was held at 35 • C for ∼2 h, in its gel phase. Although the LAXS looked fairly typical of a gel phase lipid with sharp lamellar orders at first, within a few minutes this sample began to fluctuate and produce diffuse scattering lobes shown in Fig. 10 , similar to a fluid phase lipid sample. Over 2 h, the lamellar D-spacing increased from 70Å to >100Å as the negatively charged layers unbound from each other. This is our first observation of fluctuations in a gel phase lipid.
It was of interest to obtain WAXS of the gel phase TMCL at 35 • C, to investigate if the Bragg rod scattering typical of alltrans chains in the gel phase (Tristram-Nagle et al., 1993) occurs in TMCL. WAXS revealed an equatorial chain scattering with no off-equatorial peaks, indicating untilted chains. The equatorial scattering consisted of a single, strong 2,0 peak, d = 4.2Å (see Fig. 11 ). Using hexagonal packing geometry, the area/chain, A C , is calcu- 
S Xray
X-ray diffuse scattering in the wide-angle region provides an estimate of the chain order, S Xray (Mills et al., 2008a) . We use fully hydrated lipid membranes to obtain WAXS data similar to that in Fig. 12 (pure TMCL at 50 • C) from which we calculate S Xray • C. 2,0 peak intensity was obtained by radially integrating from 2
• to 5
• relative to the equator. for TMCL/DMPC mixtures following (Mills et al., 2008a) . Water background was removed from all samples and S Xray results were calculated as described in Section 2. Fig. 13 reveals that the orientation order parameter, S Xray , increases as TMCL is added to DMPC, i.e., the presence of TMCL induces order in the DMPC chains. As in previous figures, the temperatures of these data points are different, due to the necessity of keeping the sample in the fluid phase. The temperatures are: DMPC (35 • C), 20 mol% TMCL/(DMPC + TMCL) (40 • C) and pure TMCL (50 • C). A temperature correction can be applied to these values, assuming that the temperature correction (0.011/ • C) is the same as that of DPPC:DOPC (1:1) mixtures (Mills, 2007) . When these values are temperature-corrected back to their value at 35 • C, the S Xray values increase as shown by the squares in Fig. 13 . Since the precise S Xray temperature corrections for TMCL/DMPC mixtures are not known, error bars for the temperature-corrected values (squares) represent a larger correction (0.022/ • C). Error bars for the original data (circles) result from analyzing several WAXS images for the same sample.
CGMD simulations
To understand the underlying principles of the X-ray results, simulations were performed on a pure DMPC bilayer and on a bilayer consisting of an 80:20 molar mixture of DMPC and TMCL. Because the time scales required for the proper mixing and relaxation are on the order of hundreds of nanoseconds, 500 ns simulations were performed using a coarse-grained Martini model. The simulations gave area results, corrected for the undulations of a large simulation, for DMPC = 62Å 2 and DMPC/20 mol% TMCL = 70Å 2 , which can be compared to the experimental results, DMPC = 64Å 2 and DMPC/20 mol% TMCL = 74Å 2 (see Fig. 8 ). In previous work, we found the area of DMPC to be 60.6Å 2 at 30 • C (Kučerka et al., 2005a) , smaller than the current value, even considering the 7 • temperature decrease. We are not sure of the basis for this discrepancy, but it could involve a different Lot # of DMPC. Since the present samples were prepared with the same DMPC as their controls, we need to compare our new results with the higher DMPC area of 64Å 2 measured in this study.
A snapshot from the final frame of the 500 ns DMPC/20 mol% TMCL CGMD simulation is shown in Fig. 14 . The CGMD simulation reveals that the headgroups of TMCL (yellow) are positioned near the glycerol-carbonyl groups of DMPC (pink), and deeper into the bilayer than the phosphocholine groups of DMPC (gray-blue).
In order to quantitate the headgroup positions, the number densities obtained from the CGMD simulation were calculated and are shown in Fig. 15B . The position of the TMCL headgroups is near the location of the glycerol-carbonyl groups of DMPC. When the Color coding is TMCL headgroups (yellow), TMCL chains (red), DMPC glycerolcarbonyl groups (pink), DMPC phosphocholine group (gray-blue), and DMPC chains (cyan). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.) phosphate peak position in DMPC/20 mol% TMCL was compared to that in DMPC (Fig. 15A) , a thickening of 2Å was found, just the same as the 2Å thickening caused by 20 mol% TMCL in the X-ray electron density profiles (see Fig. 6 ). In addition, some chain interdigitation may occur in the TMCL chains, since the methyl trough is missing (Fig. 15B ).
Discussion
In this work we have used X-ray diffuse scattering, DSC and CGMD simulations to probe the structure, thermodynamics and elastic properties of TMCL and mixtures of DMPC and TMCL. Our most important finding is that the presence of TMCL increases the thickness of the host fluid phase DMPC membranes considerably. The D HH of 38.6Å at 50 • C determined in this work for fluid phase TMCL is close to that (37.8Å) determined at 55 • C by Lewis et al. (2007) by X-raying MLVs of TMCL in excess water. A thickness increase of ∼6Å from pure DMPC to pure TMCL is similar to that produced by 30 mol% cholesterol in DMPC membranes (Pan et al., 2009) , where the increase in D HH was accompanied by a doubling of the S Xray order parameter from 0.4 to 0.8. The order parameter, S Xray , increases due to chain straightening (Mills et al., 2008a) , which in turn causes a thickening of the bilayer. In the current work, we observe a doubling of S Xray from 0.4 to 0.8 after correcting for the 15 • C temperature increase needed to maintain TMCL in the fluid phase (Fig. 13) . It is known that inner mitochondrial membranes (IMMs) contain little cholesterol (Daum, 1985) , which stems from this organelle's bacterial origin. Therefore, in order to increase the membrane thickness to match that of the energy-producing proteins in IMM, another lipid must carry out this function; it appears that CL is well-suited for this job. As mentioned in Section 1, CL co-isolates with many of the proteins involved in oxidative phosphorylation. A recent article that used an upgraded PPM (positioning of protein in membranes) method to calculate hydrophobic thicknesses of many cellular proteins, found an average thickness of nine IMM membrane proteins to be 28.6 ± 1.4Å (Pogozheva et al., 2013) . This thickness is very close to the hydrocarbon thickness of TMCL reported in this study, 2D C = 29Å. 2D C results from our SDP fitting program and is smaller than D HH shown in Fig. 8 . (For nomenclature, refer to Nagle and Tristram-Nagle, 2000.) Evidently, TMCL's hydrophobic thickness is well matched to that of the average IMM protein. The natural form of CL has generally more carbons making it thicker, but also more unsaturation making it thinner (Daum, 1985) . Overcoming hydrophobic mismatch between a protein's hydrophobic core and the surrounding membrane is an important concept in membrane biophysics (Botelho et al., 2006; Hwang et al., 2003; Soubias et al., 2008) and could be the primary reason why CL is located in the IMM but less so in the outer mitochondrial membrane (OMM). The average hydrophobic thickness of most of the OMM proteins (␤-barrels) is 23 ± 1.0Å (Pogozheva et al., 2013) , considerably thinner than the IMM proteins. In a related role, using an EPR spin probe to measure membrane order, Yamauchi et al. (1981) showed that CL native to Tetrahymena pyriformis acts to maintain membrane fluidity, similar to cholesterol's role in fluidizing the gel phase and rigidifying the fluid phase.
Besides thickening membranes, CL acts similarly to cholesterol in another way. We have previously investigated water permeability through membranes and found that cholesterol decreased water permeability in a concentration dependent manner, as the area/lipid decreased (Mathai et al., 2008) . Similarly, Shibata et al. (1994) found that bovine heart CL halved water permeability even at low concentrations (∼3 mol%). In the IMM, with negligible amounts of cholesterol, CL may take on the important role of reducing water leakage. Since the area/lipid condenses when TMCL is added to DMPC (see Fig. 8 ), this could be the cause of the decrease in permeability. Haines and Dencher (2002) suggested that one other, or additional, potential reason for CL's close association with energyproducing proteins is to serve as a storage site for protons that are generated during ATP production. With a second phosphate pK a above 8, CL has a high buffering capacity (Haines and Dencher, 2002) . The structure of the acid-anion that would serve as a proton storage site could require the CL headgroup to be sequestered away from the positively charged choline groups of PC lipids so that its acid-anion would not be neutralized. As shown in Fig. 7 , the distance between the PO 4 -group and the CG-group in fluid phase TMCL is ∼2Å. This distance is smaller than we have found in PC lipids (3.5-4Å) (Kučerka et al., 2005a,b) , indicating that the two phosphate groups must be nearly parallel to the membrane surface, and at nearly the same level as the CG groups. In an NMR study, Pinheiro et al. (1994) calculated that the P-N vector of PC lipids tilts downward toward the membrane surface in the presence of the negatively charged CL. In our TMCL/DMPC X-ray electron density profiles, we cannot distinguish the DMPC choline group from its phosphate group, since their electron densities are combined. In the snapshot from the coarse-grain MD simulation shown in Fig. 14 , and the number density positions shown in Fig. 15 , the TMCL headgroups in the DMPC/20 mole% mixture are sequestered underneath the DMPC phosphate groups, closer to the DMPC glycerol-carbonyl groups. This is yet another way of pointing out that TMCL is similar to cholesterol, in that its headgroup is covered by the phosphocholine umbrella (Brown and Seelig, 1978; Huang and Feigenson, 1999) .
Other investigations have referred to the "small headgroup" of CL (Haines, 2009; Lewis and McElhaney, 2009; Nichols-Smith and Kuhl, 2005 (Pan et al., 2012) and note that it is smaller by only 13% (see Table 1 ). We did explore the effect of salt using 50 mM Hepes buffer, pH 7.0, but found little effect on bilayer structure at low mol% TMCL, so we did not pursue this at higher mol%. Our DSC and X-ray results determined that the T m of TMCL is 49 • C in pure water, which is higher than two values reported in (Lewis et al., 2007) . In that work, TMCL melted at 38.9 • C in 100 mM Tris buffer and at 41.2 • C in 50 mM phosphate buffer, both containing 150 mM NaCl. Evidently these higher salt concentrations stabilize the fluid phase and it is known that divalent cations induce the H II phase (Rand and Sengupta, 1972) . It is difficult to add salt to our oriented samples in controlled concentrations, particularly when the samples unbind, i.e., swell during hydration. Therefore we chose to focus on samples hydrated from pure water. Since CL is primarily associated with proteins, several groups have investigated the ability of CL to phase separate when mixed with other lipids. (Frias et al., 2011) mixed CL with dimyristoylphosphatidylethanolamine (DMPE) and used DSC and FTIR to determine that CL and DMPE are poorly miscible across a broad composition range. Poor immiscibility of unsaturated CL with dipalmitoylphosphocholine (DPPC) and dipalmitoylphosphoethanolamine (DPPE) has also been observed (Sennato et al., 2005) , but this was a case of gel/fluid domain formation. We also tested our TMCL/DMPC mixtures for domain formation. In the analysis of S Xray , it is possible to analyze the WAXS data of the 20 mol% TMCL/(DMPC + TMCL) mixture using a two-decay fit instead of a single-decay fit (Mills et al., 2008b) . The presence of two liquid domains is indicated when a two-decay fit has a smaller root mean square deviation than the single-decay fit. Our analysis showed no improvement of a twodecay fit over a single-decay fit, so we suggest that there is no domain formation in the 20 mol% TMCL/(DMPC + TMCL) mixture. The course of our DSC solidus T m line did exhibit ideal mixing at low mole percentages (Fig. 3) . This supports the finding that there is no domain formation. In addition, in the MD simulation, there was no visible aggregation of TMCL (Fig. 14) . Therefore, we conclude that the TM form of CL, when mixed with DMPC, does not form domains.
Another interesting result from our study is the observation that TMCL increases the bending modulus, K C , or stiffness of the host DMPC membrane, even at low inoculation. The 50% increase is significant, even though it is small compared to the effect of 30 mol% cholesterol in DMPC (increase in K C = 550%) (Pan et al., 2009) . Still, the presence of TMCL modifies the membrane bending modulus in the direction of membrane stiffening, not membrane softening. In apparent contrast, (Lewis et al., 2007) found that the Á value, which is proportional to the inverse of K C , increases by a factor of 3 compared to PC dispersions, indicating a softening of pure TMCL membranes. The 50% increase in K C that we observe is compatible with the increase in membrane thickness and the increase in membrane order, S Xray , for this species of CL (TMCL). Since the methods in Lewis et al. (2007) do not directly determine K C , rather the product of K C times B, the bulk modulus, our two results may not be in disagreement that the bilayer is stiffened by TMCL.
While TMCL stiffens, orders and thickens the DMPC fluid phase membrane, it may seem like a contradiction that area/lipid also increases. Usually A L and D HH are inversely related; e.g., when a gel phase lipid melts into its fluid phase, A L increases while the bilayer thins. This apparent contradiction arises when TMCL is treated as a 2-chain lipid, even though this 4-chain lipid is roughly twice the size of DMPC. Upon addition of the much larger TMCL to DMPC, the apparent A L of DMPC increases. Another way to think about these experiments is to cut the TMCL in half, TMCL, and double its concentration. In this case (see Fig. 8 ), the apparent A L decreases. Although we also performed this analysis, we prefer the analysis that shows an increase in A L , in order to compare to the MD simulations, which also show an increase in the average A L at 20 mol% TMCL. Another surprising result is that TMCL, with the same chains as DMPC, orders and stiffens the membrane, leading to an increase in thickness. Why does this happen, even when some chain interdigitation of TMCL may occur, as suggested by Prossnigg et al., 2010 , for a TMCL/gel phase lipid mixture? It can only be due to the headgroup configuration of TMCL creating a more rigid molecule than DMPC. The acid-anion that is a resonance structure (Haines, 2009 ) must confer a stability on the upper part of the TMCL lipid that orders chains and thus thickens the bilayers. Future NMR experiments could shed light on this question.
Finally we compare our TMCL gel phase results to those published in Lewis et al. (2007) . In that work, their gel phase D HH is 43.5Å and our result is 42.6Å, in good agreement. Our gel phase area is 81.5Å 2 while their result is 83.2Å 2 . While the gel phase is not physiologically relevant for mitochondria, it is gratifying to know that two independent X-ray studies determine similar quantities using different sample preparations. As noted in the Results section, TMCL's unusual fluctuations in the gel phase (Fig. 10 ) enabled us to use the same methods as in the fluid phase to determine its structure. These fluctuations most likely result from the large D-spacing caused by unbinding of layers in the stack due to negative charge repulsion. The TMCL gel phase area of 40.8Å 2 is smaller than that of gel phase DMPC (47.2Å 2 ) at 10 • C (Tristram- Nagle et al., 2002) , and roughly equal to that of DLPE (41Å 2 ) at 20 • C (Nagle and TristramNagle, 2000) , confirming our observation of untilted chains in gel phase TMCL.
